Introduction
Biomass burning (BB) is a significant source of gases and particles to the regional and global atmosphere, playing an important role in the chemistry and radiative transfer of the atmosphere (Levine, 2000) . Although the majority of BB occurs in the tropics, fires in extratropical regions can impact both local and regional air quality Morris et al., 2006) , and contribute to climate change and the chemistry of polar atmospheres (Damoah et al., 2004; Vivchar et al., 2010; Tilmes et al., 2011) . Due to convection and pyroconvection, BB plumes from boreal forests can inject trace gases and aerosols into the upper troposphere and Published by Copernicus Publications on behalf of the European Geosciences Union.
lower stratosphere, where long-range transport can widely and rapidly distribute the emissions (Fromm et al., 2000; Jost et al., 2004; Val Martin et al., 2010) . Although there have been a number of laboratory studies of NMOC emissions from BB (Christian et al., , 2004 Yokelson et al., 2008) as well as both near-field (Friedli et al., 2001; Jost et al., 2003; Sinha et al., 2003 Sinha et al., , 2004 Christian et al., 2007; Yokelson et al., 2007a Yokelson et al., , b, 2009 ) and long-range transport studies of fire plumes (Holzinger et al., 2005; Duck et al., 2007; Yuan et al., 2010) , emissions of NMOCs from BB and the chemical evolution of these compounds within the plumes remain relatively uncertain Monks et al., 2009 ). This is particularly true for emissions of oxygenated NMOC, as evidenced by the factor of 3.7 to 4.9 increase of NMOC emissions in a recent fire emissions inventory over previous inventories to account for additional oxygenated compounds, many of which are not quantitatively identified by presently-available observation methods .
The 2008 NASA Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) mission was part of the broader International Polar Year (IPY) collaborative effort POLARCAT (Polar Study using Aircraft, Remote Sensing, Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport). ARCTAS was a multi-platform field campaign involving airborne measurements from three NASA aircraft (DC-8, P-3B and B-200), a number of ground-based measurement sites and satellite observations. ARCTAS was held in coordination with other POLARCAT activities including the NOAA-led Aerosol, Radiation and Cloud Processes affecting Arctic Climate (ARC-PAC) and the Greenland Aerosol and Chemistry Experiment (DLR-GRACE). An overview of the ARCTAS campaign has been published with a detailed description of all the measurement platforms and supporting investigations used during the campaign (Jacob et al., 2009) . As well, an overview of the meteorology during ARCTAS and modeled back trajectories is available .
The work in this paper and a following paper (Part 2) focus on measurements made on board the NASA DC-8 during ARCTAS. The DC-8 was involved in the three major components of the ARCTAS campaign: (a) ARCTAS-A, based in Fairbanks, Alaska with research flights in the Arctic regions of Canada, Alaska and Greenland between 1-19 April 2008, (b) ARCTAS-CARB, based in Palmdale, California, in co-operation with the California Air Resources Board (CARB) with flights over California between 18-26 June 2008, and (c) ARCTAS-B, based in Alberta, Canada with flights over Central Canada and the Arctic regions of Canada and Greenland between 26 June-13 July 2008. In total, there were 9 flights during the spring and 13 flights during the summer.
Objectives for the three ARCTAS components were specific to each region of study but sometimes overlapped, including long-range transport of pollution from mid-latitudes to the Arctic, ozone budgets, chemical processes, and aerosol radiative forcing. In both the spring and summer of 2008, there were a significant number of large-scale BB events in the Northern Hemisphere, including widespread boreal forest fires in Siberia, agricultural/grassland fires in Kazakhstan ) during April, coniferous forest, grass and brush fires in California and boreal forest fires in the Yukon and Saskatchewan in late June and July. As a result, all three ARCTAS components provided opportunities to study and characterize BB plumes. These plumes originated from a variety of source regions and ranged from fresh emissions to long-range transported plumes aged for up to a week or more. Because of competing objectives, the DC-8 instrument package was not optimized for investigating BB plumes and their evolution. However, with several instruments on board the DC-8 that measured the mixing ratios of a vast number of NMOCs, along with a suite of other trace gas measurements, the ARCTAS flights provided a valuable data set for investigating NMOCs in several different BB plumes.
In this paper (Part 1), an overview of the NMOC observations is presented, including a comparison of the observations from the different NMOC measurement techniques used on board the DC-8 during ARCTAS. Flight time intervals when the DC-8 sampled air masses influenced by BB were identified using known fire tracers; aircraft coordinates, back trajectories, and MODIS fire counts were used to determine the origin of each plume. These identified BB interceptions were grouped by flight, source region and time-of-day into 40 plumes for analysis. The relative enhancements of individual NMOCs to longer-lived fire tracer species were determined for each group, analyzed with regards to estimated BB plume age, and compared with previously-observed NEMRs. In Part 2, BB emissions observed from different source regions during ARCTAS are contrasted with urban emissions and anthropogenic point sources also sampled during the study.
Experimental

Aircraft measurements
The Trace Organic Gas Analyzer (TOGA) uses fast online gas chromatography coupled with mass spectrometry (GS-MS), analyzing a 40-s integrated sample once every two minutes, and was used to measure up to 28 different NMOCs during ARCTAS. Major instrument components of the TOGA include the heated electropolished stainless steel (SS) inlet, cryogenic preconcentrator, gas chromatograph (GC), mass spectrometer (MS), and zero air/calibration system. All processes and data acquisition are computer controlled. The instrument has been described previously by Apel et al. (2003 Apel et al. ( , 2010 . Three traps are used: a water trap, an enrichment trap packed with glass wool, and a cryofocusing trap, with no adsorbents in any of the traps. The Atmos. Chem. Phys., 11, 11103-11130, 2011 www.atmos-chem-phys.net/11/11103/2011/ GC is a custom-designed unit that is lightweight and temperature programmable, fitted with a Restek MTX-624 column (I.D. = 0.18 µm, length = 8 m). Detection limits are compound dependent but range from sub-pptv (parts per trillion by volume) to 20 pptv. The system was calibrated with an in-house gravimetrically-prepared mixture containing 25 of the targeted 28 compounds. Post-mission calibrations were performed to obtain response factors for the three compounds not in the standard. The calibration mixture was dynamically diluted with scrubbed ambient (outside aircraft) air to mixing ratios near typically-observed levels. The 28 NMOCs observed by TOGA during ARC-TAS include NMHC (nonmethane hydrocarbons; C 4 and C 5 alkanes, isoprene, benzene, toluene, the C 8 -aromatic hydrocarbons), oxygenated NMOCs (acetaldehyde (CH 3 CHO), methanol (CH 3 OH), ethanol (C 2 H 5 OH), acetone (CH 3 COCH 3 ), propanal (C 2 H 5 CHO), methacrolein (MACR; CH 2 C(CH 3 )CHO), methyl vinyl ketone (MVK; CH 2 CHCOCH 3 ), butanal (C 3 H 7 CHO), MEK (C 2 H 5 COCH 3 ) methyl tert-butyl ether (MTBE; C(CH 3 ) 3 OCH 3 )), halogenated NMOCs (chloromethane (CH 3 Cl), bromomethane (CH 3 Br), dichloromethane (CH 2 Cl 2 ), chloroform (CHCl 3 ), tetrachloromethane (CCl 4 )), acetonitrile (CH 3 CN) and dimethylsulfide (DMS; CH 3 SCH 3 ). The list of species quantified by TOGA during ARCTAS was established by a number of criteria including being relevant to the ARCTAS objectives, complementary to other measurements, reliably separable and observable, and for which calibrations are well-established.
In addition to the TOGA, two other instruments on board the DC-8 measured some of the above NMOCs as well as additional NMOC mixing ratios: a proton-transfer-reaction mass spectrometer (PTR-MS) and a whole air sampler (WAS). Recently, de Gouw and Warneke (2007) reviewed the use of PTR-MS for measurements of NMOCs in the Earth's atmosphere. During ARCTAS, the University of Innsbruck PTR-MS routinely measured methanol (m/z 33 + ; m/z being the mass-to-charge ratio of the detected protonated ion), acetonitrile (m/z 42 + ), acetaldehyde (m/z 45 + ), acetone (m/z 59 + ), the sum of isoprene and furan (C 4 H 4 O) (m/z 69 + ), the sum of MVK and MACR (m/z 71 + ), benzene (m/z 79 + ) and toluene (m/z 93 + ). 0.5-to-1 s average mixing ratios were reported approximately once each 5-10 s for most compounds. Although previous studies have included a wider range of species quantified by PTR-MS, the system was included on the DC-8 to provide high time resolution NMOC data in the 10-to 20-s range, which is not sufficient time to provide full mass scans. Thus, a sub-set of signals was selected for which the PTR-MS method has been wellvalidated in the past. Due to a poorer signal-to-noise ratio, PTR-MS acetaldehyde mixing ratios were reported as 1-min averages. Periodic pre-flight and in-flight calibrations were performed using a NMOC gas standard (prepared by AiR Environmental, Inc., Broomfield, CO) containing approximately 1 ppmv (parts per million by volume) of all target compounds (except furan and methacrolein) in compressed nitrogen (accuracy: ±5 %). The standard gas was dynamically diluted to ppbv (parts per billion by volume) levels. For zeroing, the PTR-MS inlet flow was periodically diverted through a heated Pt/Pd catalyst. Simpson et al. (2011) , whole air samples were collected during the flights through a forward facing non-heated SS inlet (1/4 in.) into electropolished SS flasks and pressurized to 40 psig with a metal bellows pump (Senior Flexonics, MB 602). 168 canisters were available for each flight. The canister sampling frequency varied depending on location and altitude, and was typically a 1-min integrated sample every 3-5 min during horizontal flight legs, and every 1-2 min during vertical profiles and plume encounters. Above 9 km above sea level (ASL), the sample integration period increased with increasing altitude to >120 s above 11 km ASL. The filled canisters were transported back to the University of California, Irvine (UCI) laboratory and analyzed by gas chromatography (GC) within 7 days of collection for 79 trace gases comprising NMHCs, halocarbons, DMS, alkyl nitrates, and oxygenated NMOCs. Five columns and three detection methods were used: mass spectrometry (MS), flame ionization detection (FID), and electron capture detection (ECD). The reported detection limits are 3 pptv for most NMHC, 5 pptv for MVK and MACR, and 20, 50, and 100 pptv for ethanol, methanol, and acetone, respectively. All NMHCs were calibrated against whole air working standards, which had been calibrated against NIST and Scott Specialty Gases standards. The precision of the C 2 -C 4 NMHC analysis was ±3 % when compared to NIST standards during the Nonmethane Hydrocarbon Intercomparison Experiment (NOMHICE) (Apel et al., 1994 (Apel et al., , 1999 . Further details are given by Colman et al. (2001) and Simpson et al. (2010) .
Described in detail by
Measurements of other gas-phase species of interest to BB studies included hydrogen cyanide (HCN), formaldehyde (CH 2 O), carbon monoxide (CO) and carbon dioxide (CO 2 ). HCN was quantified in integrated 0.5-s sampling every 15 s by chemical ionization mass spectrometry (CIMS) via reaction with CF 3 O − directly in sampled ambient air and monitoring the product ion m/z = 112. Other corrections for the sensitivity are made by in-flight standard addition calibrations of H 2 O 2 and HNO 3 , also measured by the same CIMS system (Crounse et al., 2006) and proxied to laboratory calibrations of HCN. The detection limit (S/N = 1) is better than 15 pptv for moderate to low water vapor levels (H 2 O mixing ratio ≤0.004) . CH 2 O observations were made using difference frequency generation (DFG) absorption Spectroscopy (DFGAS). This technique has been discussed by Weibring et al. (2006 Weibring et al. ( , 2007 . Briefly, ambient air, continuously sampled through a heated (35 • C) 1 2 O.D. PFA Teflon line extending into the free air stream outside the aircraft, was directed through an astigmatic multipass (100-m optical pathlength) Herriott absorption cell maintained at 50 Torr pressure. Mid-Infrared laser light at 2831.6 cm −1 (3.53 µm), which hits a moderately strong and isolated vibrational-rotational feature of CH 2 O, was generated by mixing two near-IR room temperature lasers in a non-linear crystal. Ambient CH 2 O mixing ratios were determined by fitting sample absorption spectra to calibration spectra employing onboard permeation calibration standards. Typical CH 2 O detection limits (2σ ) were around 25 pptv for one-minute averages. CO observations were made using a diode laser spectrometer and reported at 1 Hz using the method described by Sachse et al. (1988) . CO 2 observations were made with a non-dispersive IR analyzer described previously (Vay et al., 2003) and were also reported at 1 Hz. All observed data from the ARCTAS study are publicly available at http://www-air.larc.nasa.gov.
Model
The NCAR Master Mechanism (MM) was used to simulate the chemical evolution of observed NMOCs within BB plumes, and to contrast the chemistry between BB plumes originating from a region highly influenced by anthropogenic activities and one that is largely devoid of anthropogenic influence. The Master Mechanism is a 0-D model with detailed gas-phase chemistry consisting of approx. 5000 reactions among approx. 2000 chemical species combined with a box model solver (Madronich and Calvert, 1990; Madronich, 2006) and has been used previously to investigate oxygenated NMOC within BB plumes (Mason et al., 2001 (Mason et al., , 2006 . Constrained inputs may include species of interest, emissions and temperature. The model computes the time-dependent chemical evolution of an air parcel initialized with known composition. For these model runs, no additional emissions, dilution or heterogeneous processes were included. Photolysis rates are calculated using the Tropospheric Ultraviolet-Visible (TUV) model (Madronich and Flocke, 1999) .
Results and discussion
Comparisons of NMOC measurements
ARCTAS was the first study in which TOGA and PTR-MS measurements were made on board the DC-8, and there was significant overlap between the NMOCs observed by TOGA and those measured by PTR-MS and/or WAS during the campaign. To accommodate the different sampling frequencies of the many instruments on the DC-8, several time-base merges of the reported data were generated in which reported observations were averaged over specific timescales, including a 1-min merge, a 1-s merge, a TOGA merge and a WAS merge. For the TOGA merge, observations with sampling times that overlapped with the TOGA sampling period were averaged to the timescale of the reported TOGA observations. Likewise, for the WAS merge, observations with sampling times that overlapped with the whole air samples were averaged to the timescale of the reported WAS observations. Further details on how these merges are generated are discussed by Kleb et al. (2011) . In this work, individual data point comparisons between reported TOGA observations and reported PTR-MS and WAS observations were made using the TOGA merge.
Comparison plots of the mixing ratios of compounds reported by both TOGA and PTR-MS during ARCTAS-A, -CARB and -B are shown in Fig. 1 . Likewise, similar plots for many of the NMOCs measured by both TOGA and WAS are shown in Fig. 2 . The solid lines in the plots in Figs. 1 and 2 are orthogonal distance regression (ODR) fits to the data, with slope and intercept shown on each plot. The r 2 value for the standard linear regression fit to the data is included on each plot, to provide further information on the goodness of fit. The dotted lines in each plot show y = x for comparison. Most compounds reported by both TOGA and PTR-MS show good agreement, with all ODR slopes within ± 0.15 of unity, and most r 2 values at 0.85 or greater. For isoprene, because the reported PTR-MS data includes furan, a compound with elevated mixing ratios in BB plumes, the ODR fit shown on the isoprene comparison plot excluded data points identified as BB (see Sect. 3.2) . Isoprene data identified as BB are shown on the isoprene plot in Fig. 1 (black circles), and clearly indicate that in BB plumes, the majority of PTR-MS isoprene + furan data are larger than the TOGA isoprene data. Using only data attributed to BB, an ODR of the TOGA isoprene against the PTR-MS m/z 69 + signal indicates that, on average, (47 ± 2) % of the PTR-MS signal is isoprene, which is consistent with the average isoprene ratio in laboratory fires of 48 % given by Karl et al. (2007) . Similarly, from a comparison against the WAS isoprene and furan data attributed to BB, ODR fits to the m/z 69 + signal indicate that the PTR-MS signal is split on average into isoprene (39 ± 3) %, furan (45 ± 2) %, and (16 ± 5) % other compounds, but it should be noted that the uncertainty of the furan data from the canisters is relatively high with reported accuracy ±20 % and precision ±30 %.
The scatter in the acetonitrile plot in Fig. 1 is a little greater than that of the other compounds, with an r 2 of 0.73 for the standard linear regression fit, but with an ODR slope of 0.932 ± 0.008, the agreement between the instruments is still very good. For some NMOCs, the reported mixing ratios deviate at higher mixing ratios, with larger values reported from the PTR-MS measurement than by the TOGA measurement, in particular for acetonitrile and to a lesser extent methanol, acetone and the combined MVK + MACR. There are also deviations between the TOGA and PTR-MS at very low mixing ratios (<10 pptv) for toluene, benzene and acetaldehyde, with TOGA generally reporting slightly lower mixing ratios.
Good agreement is also observed between the results from TOGA and WAS for most NMOCs (Fig. 2) Table 1 ) are used for the ODR, as PTR-MS isoprene is reported as a sum with furan, which is present in BB. BB data are shown as black circles; using all ARCTAS isoprene data including BB data, the ODR fit has slope 0.76 ± 0.01 and intercept −0.036 ± 0.006 ppbv. this include acetone (slope 1.48 ± 0.03; r 2 = 0.52), methanol (slope = 0.96 ± 0.01; r 2 = 0.72), MEK (slope 1.34 ± 0.02; r 2 = 0.81) and isopentane (slope 1.31 ± 0.09; r 2 = 0.93). For acetone, MEK and isopentane, the TOGA mixing ratios at higher concentrations are larger than those from the WAS system. This is in contrast to the benzene and toluene results, with the TOGA mixing ratios on average 21.5 % and 23.2 % lower, respectively, than those from WAS. However, overall the TOGA mixing ratios for benzene and toluene agreed well with the PTR-MS values, with slopes of 1.011 ± 0.007 and 0.979 ± 0.006, respectively. Although the oxygenated NMOCs measured by TOGA and WAS compare reasonably well on average, the spread in some of the comparison plots is greater than most of the other plots in Figs. 1 and 2, including those for oxygenated NMOCs observed by TOGA and PTR-MS. This is consistent with reported higher uncertainties for canister measurements of oxygenated NMOCs, based on the knowledge that these species can either increase or decrease in the canisters at a rate of a few percent per day . The majority of the NMOC observations from ARCTAS are at background or near-background mixing ratios, with many of the largest mixing ratios from encounters with fresh BB emissions. Because of the non-uniformity of gases in fresh fire plumes and the limited spatial extent of the plumes, the different integrated sampling times of the instruments contribute significantly to the differences in larger mixing ratios. An example of how sampling integration time impacts NMOC measurements is shown in Fig. 3 , a time-series plot of the benzene observations from a section of the 4 July 2008 flight in which the DC-8 sampled two narrow smoke plumes followed by a wider smoke plume. TOGA, PTR-MS and WAS benzene measurements are plotted according to their reported measurement timescales along with the 1-s [CO] observations and the 1-min merge GPS altitude. For the WAS and TOGA measurements, the bars indicate the start and stop times of the integrated sampling. For the WAS system, the sampling flow rate is variable, with higher flow rates into the evacuated canisters at the beginning of the sampling interval, and lower flow rates towards the end as the target fill pressure is reached. The flow rate for the TOGA sampling is controlled at a constant volumetric flow of 50 sccm (standard cubic centimeters per minute). Included on the plot are the TOGA-merge values for the PTR-MS and WAS measurements. In the first narrow plume at approximately 02:00:30 UTC, both the TOGA and WAS systems observed benzene mixing ratios well above the background concentrations. However, because the integrated sampling time for the WAS measurement was longer than that of the TOGA, it also included some of the background air (indicated by low [CO] ) and the resulting WAS-reported benzene mixing ratio is lower than that reported by TOGA and PTR-MS. During the next narrow plume, the timing of WAS captured the plume, while TOGA sampled before and after, missing the narrow plume altogether. Here, the WAS measurement is not included in the TOGA merge because there was no overlap in the integrated sampling times. However in a very structured air mass, an overlap in the sampling periods could result in very different concentrations being compared side-by-side in the TOGA merge. This is seen in the TOGA-merge data at 02:12:30 in which the WAS benzene mixing ratio is more than double those of TOGA and PTR-MS. Here the WAS observation included a portion of a large plume and background air, and the TOGA measurement was primarily background air, hence the TOGA-merge WAS [benzene] is more than double that of TOGA and PTR-MS measurements. Because of these differences, where possible, many of the analyses in this work were performed on the observations from more than one NMOC measurement technique to eliminate bias from individual techniques. With the exception of acetaldehyde, due to the longer PTR-MS averaging period, no sampling bias is expected for the comparison of TOGA and PTR-MS measurements using the TOGA-merge, as the PTR-MS observations are integrated within the TOGA sampling period. Fig. 4 . During both the spring and summer ARCTAS deployments, the DC-8 sampled air masses originating from the regions with strong BB emissions . For this analysis, interceptions of fire emissions by the DC-8 were identified by elevated mixing ratios of CH 3 CN, HCN and CO. HCN has been identified as a BB tracer (Lobert et al., 1990; Shim et al., 2007) . CH 3 CN has been also identified as an indicator of BB emissions that is not significantly enhanced in urban areas of the United States where other anthropogenic tracers are elevated (de Gouw et al., 2003 . Because background mixing ratios of CH 3 CN, HCN and CO are not constant throughout the regions covered during ARCTAS, plume identification was done using the 1-min and TOGA merges, identifying time periods with elevated fire tracer mixing ratios above the local background. Generally, "elevated" refers to CH 3 CN mixing ratios >200 pptv, HCN mixing ratios >400 pptv, and CO mixing ratios >175 ppbv, but in regions with lower background mixing ratios, long-range BB plumes with lower threshold mixing ratios were also sometimes identifiable above the background. Air masses sampled in urban regions with both elevated fire tracers and strongly-enhanced anthropogenic tracers (e.g. toluene, NO x ) were not included in this analysis to provide a more precise analysis of only biomass burning emissions and enhancements. Figure 5 is a map of the DC-8 flights from ARCTAS-A, -B and -CARB over North America, with identified BB interceptions colored by the approximated age of each plume. Periods of BB sampling lasting between two minutes and two hours were attributed to different source regions using back trajectories and local fire information. Smoke interceptions from individual flights were then grouped together first by source region but also based on similar coincident ratios of several NMOC to CO and on estimated ages, generating a total of 40 identified BB plumes from 15 flights. For many of the Asian BB interceptions, this meant that fire plumes from a wider source region were sometimes grouped together to generate sufficient statistics required for analysis. For some of the Canadian and Californian fires, smoke plumes sampled at several locations including close to and at different locations downwind of the fire were analyzed separately due to significant changes that had occurred chemically within the plumes, either due to changing emissions or changing enhancements of NMOC with respect to CO.
Biomass burning plume identification
The average age of each of the 40 plumes was estimated based on back trajectories, aircraft altitude, local fire information, proximity to the fires being observed and the duration of the smoke sampling by the aircraft. These estimated ages are merely approximations and are meant to easily differentiate between plumes that include very fresh BB emissions and plumes in which the fire emissions are aged 2-3 days or up to a week or more. Thus, the uncertainties of the estimated plume ages should be considered to be approximately ±50 %.
The modified combustion efficiency (MCE) of a smoke plume, defined as CO 2 /( CO 2 + CO) (Ward and Radke, 1993) where indicates an excess mixing ratio from the background, is an indicator of the relative abundance of flaming and smoldering combustion within a fire. An MCE of 0.99 indicates pure flaming combustion, while MCEs between 0.65 and 0.85 are considered to indicate pure smoldering combustion, and MCEs between 0.85 and 0.99 indicate a mixture of flaming and smoldering . For each BB plume, the MCE was determined from coincident observations of CO and CO 2 . The plume emission ratio CO/ CO 2 was determined from an ODR fit of the 1-s merge CO and CO 2 data, and the rearranged relationship MCE = 1/[( CO/ CO 2 ) + 1] was used to calculate the MCE. The uncertainty of the MCE was determined using the standard error in the ODR fit to the CO versus CO 2 data. A summary of the 40 BB plumes with flight times during which the plumes were sampled, source region, estimated average plume age, and MCE is listed in Table 1 . For some of the plumes observed over California, the coincident observations of CO and CO 2 did not correlate over the time period(s), and thus the MCEs could not be determined. As well, for several plumes observed during ARCTAS-B, the observed CO and CO 2 were inversely correlated, leading to nonsensical MCEs > 1, which cannot be a true reflection of the emissions, and thus these MCEs were not reported in Table 1. The MCE for plume 28, however, is still realistically 1 within its uncertainty, and has been included.
NMOC enhancements in biomass burning plumes
Commonly used to quantify the atmospheric impact of BB, emission ratios or enhancement ratios can be determined for trace gases emitted from BB or produced in a BB plume as it ages. An emission ratio (ER) is the molar ratio between two emitted compounds measured at a fire source, and is generally reported as [X]/ [Y ] where [X] and [Y ] refer to excess mixing ratios of the two species in the smoke minus the mixing ratio of those species in background air. Y can be any emitted compound, but is generally a longlived smoke tracer such as CO or CO 2 . By definition, ERs a Estimated based on back-trajectories, flight tracks, and fire data. Times between 00:00 and 06:00 UTC occurred on the following date after UTC midnight for flights that began the previous UTC day. b Uncertainty determined from the standard error in the slope of an orthogonal distance regression to a plot of CO vs. CO 2 using data from the 1-s merge.
Atmos. Chem. Phys., 11, 11103-11130, 2011 www.atmos-chem-phys.net/11/11103/2011/ should only refer to fresh emissions, whereas an enhancement ratio, also referred to as a normalized excess mixing ratio (NEMR), can refer to the enhancement of a compound X measured downwind from a fire with respect to the enhancement of a smoke tracer Y , also reported as
For shorter-lived NMOCs such as ethene and toluene, NEMRs observed downwind of a fire may be significantly lower than the ERs at the source. NMOCs that are oxidation products of compounds emitted during BB may exhibit higher NEMRs downwind of the fire, due to oxidative processing within the plume. Comparisons of NEMRs of these compounds to those of longer-lived primary emissions such as benzene have been used to approximate plume age, based on relative reaction rates . In this work, the term normalized excess mixing ratio (NEMR) is used as many of the plume observations occur far from the fire sources. Individual NEMRs with respect to CO were determined for each BB plume in Table 1 for a number of NMOCs measured on board the DC-8 during ARCTAS. For each NMOC X measured during the time period(s) for each plume, [X]/ [CO] was determined from the linear leastsquares fit to a plot of [X] (pptv) against [CO] in ppbv. CO mixing ratios corresponding to each reported measurement in the TOGA merge were used to determine NEMRs from the TOGA observations. Likewise, the CO mixing ratios in the WAS merge were used to determine NEMRs for the WAS observations, and the CO mixing ratios in the 1-minute merge corresponding to each 1-min average PTR-MS, formaldehyde and HCN measurement were used to determine NEMRs for species of interest from those observations. NEMRs are not reported for correlation plots of [X] to [CO] with r 2 < 0.5 or where NMOC measurements were not available during the time period(s) specified for a particular plume. For correlations of NMOCs to CO with r 2 > 0.5, NEMRs are listed in Table 2 with 1σ standard errors from the uncertainties in the slopes. Because some plumes had MCEs greater than unity, which were thus not reported, there is a possibility that strong dilution with a different air mass affected both the MCE and the calculated [X]/ [CO]. However, by eliminating NEMRs with r 2 < 0.5, and reporting uncertainties based on the linear fits to the data, we have confidence in our reported NEMRs and uncertainties.
Relative to the other plumes in Tables 1 and 2 , plume 28 contained significantly higher alkane to CO NEMRs, as well as above-average NEMRs for MVK, MACR, acetone, methanol and ethanol. Although the air mass sampled during this time had elevated BB tracers (i.e. CO, HCN and CH 3 CN), the magnitude of each fire tracer was small in comparison to other fresh plumes sampled during ARCTAS. The MCE of plume 28, 1.01 ± 0.01, is very different than the mean of the other fresh (<0.5 days old) Canadian BB plumes sampled, 0.86 ± 0.05. Even if the uncertainty of the MCE for plume 28 is underestimated, an MCE of 0.99 would imply that this must be a BB plume from a fire in a pure flaming stage in which emission ratios to CO are high due to overall low CO emissions. However, it is possible that emissions from non-BB sources were impacting the air mass. This region of central Canada is well known for oil and natural gas extraction (Simpson et al., 2010) , and a high proportion of C 2 -C 4 alkanes in comparison to unsaturated C 2 -C 4 NMHC is indicative of natural gas extraction (Katzenstein et al., 2003) . Figure 6 is a plot of the average mixing ratios of selected C 2 -C 6 NMHC (using only WAS observations, for internal consistency) in four different fresh Canadian BB plumes including plume 28. The plot clearly shows that plume 28 has very different ratios of saturated to unsaturated NMHC. Thus, plume 28 is included in Tables 1 and 2 because of its interesting nature, but is omitted from the following discussions and analyses due to the possible non-BB contributions.
To investigate the influences of plume aging and BB source region, for individual or summed NMOC species, in Fig. 7 the measured NEMRs from the remaining 39 BB plumes are plotted against the estimated average plume age. In these plots, each data point is colored by the primary BB source region: Alaska, Asia (Spring), Asia (Summer), California or Canada. For mixed sources, the region closest to the sampling is assumed to be the primary BB source region. Yukon and Saskatchewan sources were combined as Canadian BB, and all Asian and Siberian BB were combined as Asian BB, but separated into spring and summer data. The mean NEMRs to CO for HCN, CH 3 CN and several oxygenated NMOCs from each of the three major BB source regions measured during ARCTAS (i.e. Asia, California and Canada) are summarized in Table 3 , along with selected literature NEMRs from several previous field studies. Likewise, a summary of the mean NEMRs to CO for several NMHC is presented in Table 4 with literature values for comparison. The references listed in Tables 3 and 4 are not intended to be a complete literature survey, but rather are a selection in which several of the same NMOC compounds as those observed during ARCTAS were reported, and are therefore useful for comparison.
HCN
The mean HCN to CO NEMR observed during ARCTAS is 7.1 ± 3.8 pptv ppbv −1 (1σ standard deviation), with an order of magnitude of variability, ranging from 1.56 ± 0.09 to 15.1 ± 1.0 pptv ppbv −1 . CO and HCN have tropospheric lifetimes of approximately two months (Fisher et al., 2010 ) and a few months, respectively, with BB as the primary source and ocean uptake as the primary sink of HCN . In contrast, the primary sink for CO is reaction with the OH radical. The ratio of HCN to CO in a BB plume would therefore be relatively unchanged over the first 10 days after emissions, provided there is little dilution with air masses having different HCN to CO ratios yet significant amounts of one or the other (e.g. a concentrated urban plume). As shown in Fig. 7 the range of HCN NEMRs observed during ARCTAS is not Savanna fires in southern Africa (S) (Sinha et al., 2003) and prescribed fires in a savanna woodland (W) and a savanna grassland (G) (Sinha et al., 2004 a Tropical forest fires in Brazil (TF) and savanna fires in Africa (Sv) (Blake et al., 1996) . b Literature survey by Andreae and Merlet (2001) of measurements from fires in African savannas (Sv), tropical forests (TF) and extratropical forests (ET). c California sage brush fires (CA) and extratropical forest fires in Montana and Colorado (ET) (Friedli et al., 2001 ). d Savanna fires in southern Africa (Jost et al., 2003) . e Savanna fires in southern Africa (S) (Sinha et al., 2003) and prescribed fires in a savanna woodland (W) and a savanna grassland (G) (Sinha et al., 2004) . f Fires in the Mexico City region (MC) (Yokelson et al., 2007b) , the Yucatan (Yu) , and tropical forest fires in Brazil (TF) (Yokelson et al., 2007a) . g Asian agricultural fires (Ag), Asian forest fires (FF) and combined Asian fires (AS) ); Alaskan and Canadian forest fires (Can) de Gouw et al., 2006) . h Emission ratios (ERs) from Canadian Boreal forest fires during ARCTAS dependent on the average age of the BB plume. Nevertheless, the scatter in the measurements indicates that there is significant variability in HCN to CO molar emission ratios. Observed HCN NEMRs from California fires during ARCTAS-CARB were significantly lower than those from Canadian or Asian fires during spring and summer 2008. The mean HCN to CO NEMRs from the Asian BB, Californian BB and Canadian BB are 8.8 ± 3.8, 2.4 ± 0.9 and 7.7 ± 3.2 pptv ppbv −1 , respectively. From Table 3 , previous measurements of HCN NEMRs to CO also vary widely. Andreae and Merlet (2001) reported literature averages for three primary BB source regions: African savanna, tropical forest and extratropical forests: 0.43, 1.5 and 1.4 pptv ppbv −1 , respectively. NEMRs measured by Sinha et al. (2003 Sinha et al. ( , 2004 in African savannas were much higher, with average values between 6 and 9 pptv ppbv −1 . Similarly, Yokelson et al. (2007a Yokelson et al. ( , 2009 ) reported HCN to CO NEMRs from two tropical forest regions in the Yucatan and Brazil averaging between 6.6 and 7.0, but with high variability. As well, Yokelson et al. (2007b) reported HCN NEMRs in the Mexico City region of 12 ± 7 pptv ppbv −1 . This high average HCN to CO NEMR was attributed to high NO x deposition in the mountains surrounding Mexico City and the authors suggested that there may be similarly high ratios near the Los Angeles (LA) Basin. However, the HCN NEMRs measured in California were on average the smallest values observed during the ARCTAS study, and are much lower than the average NEMR from the Mexico City region. It should be noted that most of the wildfires in California during June 2008 were north of the Los Angeles region, primarily in the northern region of California's Central Valley (Fig. 5b) , which is likely less impacted by LA NO x pollution than the mountains immediately surrounding the LA Basin. Further, although HCN emissions from motor vehicles are not believed to be important on a global scale, on local and regional scales the impact of anthropogenic emissions of HCN may be significant, as shown for the Mexico City region ). However, vehicular emissions of HCN depend highly on the average age and catalytic capability of the fleet (Harvey et al., 1983; Baum et al., 2007) , which results in a relatively low impact from vehicles in California compared to Mexico City.
The Asian and Canadian fires were primarily in boreal forests, whereas the Californian fires involved a number of different fuels, including grass and shrubs, as well as mixed coniferous forests. The differences in the measured HCN NEMRs could be indicative of the different fuels and fire conditions in Asia and Canada compared to those in California.
Acetonitrile
As shown in Table 3 , reported NEMRs for [CH 3 CN]/ [CO] typically range between 1.2 and 4.3 pptv ppbv −1 . The mean CH 3 CN to CO NEMR observed during ARTCAS is 1.5 ± 0.6 pptv ppbv −1 using the TOGA CH 3 CN data, and 1.7 ± 0.6 pptv ppbv −1 using the PTR-MS data, both within the range of previously reported values but certainly on the low end. Separating the data by source region, the mean observed NEMRs from the Asian, Californian and Canadian BB are 1.4 ± 0.4, 1.1 ± 0.4 and 1.9 ± 0.6 (all pptv ppbv −1 ), respectively, using the TOGA CH 3 CN measurements, and 1.4 ± 0.5, 1.7 ± 0.6, and 1.8 ± 0.4 (pptv ppbv −1 ) using the PTR-MS CH 3 CN data. Unlike HCN, the observations from ARCTAS suggest that CH 3 CN to CO emission ratios do not vary significantly between the BB source regions sampled, making CH 3 CN a particularly good biomass burning tracer. Additionally, both the overall mean NEMR and the regional mean NEMRs are statistically equivalent using CH 3 CN data from either the TOGA or PTR-MS. For the remainder of the NMOC NEMRs discussed in Sect. 3.3, unless noted due to significant differences between the measurements, we refer to NEMRs determined using the TOGA data for compounds for which TOGA measurements exist.
Oxygenated NMOCs
Observed formaldehyde to CO NEMRs ranged between 2.2 ± 0.1 and 46 ± 4 pptv ppbv −1 during ARCTAS, with an overall mean of 13 ± 10 pptv ppbv −1 . Regionally, the means for Asian, Californian and Canadian BB are 2.2 ± 0.1, 19 ± 14, and 11 ± 5 pptv ppbv −1 , respectively. Only one NEMR was observable in the Asian BB within our criteria, but with a relatively short tropospheric lifetime of approximately 1 day, this is not surprising. Literature NEMRs for formaldehyde range between 5 ± 2 pptv ppbv −1 and 34 ± 15 pptv ppbv −1 (Table 3) .
The acetaldehyde to CO NEMRs observed during ARC-TAS range from as high as 22 pptv ppbv −1 , measured by both TOGA and PTR-MS in a fresh BB plume over California, to less than 2 pptv ppbv −1 in several long-range Asian BB plumes measured by the PTR-MS during the spring campaign. For shorter-lived NMOCs, NEMRs are expected to decrease as the plume ages. In the acetaldehyde plot in Fig. 7 there is a decrease in the observed NEMRs with estimated BB plume age. Although a number of Asian BB plumes were sampled during both the spring and summer campaigns, of those estimated to be more than four days old only a few of the spring BB plumes contained sufficient acetaldehyde to determine the NEMR, averaging 1.2 ± 0.3 pptv ppbv −1 (using the PTR-MS data). Mean acetaldehyde to CO NEMRs from younger Californian and Canadian BB were 6.9 ± 6.9 and 5.4 ± 3.2 pptv ppbv −1 , respectively, with a clear dependence on the age of the BB plume. Acetaldehyde has a tropospheric lifetime of approximately 1 day with the primary loss due to reaction with OH. Thus, the increased average [OH] in summer months at mid-to high-latitudes is the most likely reason long-range acetaldehyde NEMRs were not observed in the summer, rather than a difference in emission ratios between the spring and summer fires. Observable differences between the spring and summer NEMRs in Asian BB were seen for a number of other NMOCs, including MEK, benzene, and the C 2 -C 5 alkanes, and are likely also due to increased OH loss rates of these NMOCs during the summer months.
Literature observations of acetaldehyde NEMRs and emission ratios also vary widely. Yokelson et al. (2007a) reported acetaldehyde NEMRs to CO of 8.7 ± 5.1 pptv ppbv −1 from deforestation fires in Brazil and 18.7 pptv ppbv −1 from fresh fire emissions in the Yucatan ), while de Gouw et al. (2006 reported acetaldehyde NEMRs well below 2 pptv ppbv −1 in aged Alaskan and western Canada BB plumes sampled over the northeastern United States. In the latter, the relative ratios of acetaldehyde and benzene NEMRs to CO indicated secondary production of acetaldehyde within the BB plumes.
Using data from five of the very young BB plumes sampled (plumes 13, 14, 23-25), we determined an emission factor (EF) for acetaldehyde from the Californian and Canadian BB of 1.8 ± 1.3 g kg −1 . An EF is defined as the mass in grams of compound X emitted per kilogram of fuel burned, and can be determined as described by Yokelson et al. (1999) using
Atmos. Chem. Phys., 11, 11103-11130, 2011 www.atmos-chem-phys.net/11/11103/2011/ Here F C is the mass fraction of carbon in the fuel (assumed to be 500 gC kg −1 ; Susott et al., 1996) , MM X and MM C are the molecular masses of X and carbon (12.011 g mol −1 ), respectively, and C X /C T is the ratio of the number of emitted moles of X to the emitted moles of carbon. Simpson et al. (2011) reported EFs for the majority of NMOC observed in fresh Canadian BB plumes during ARCTAS, but not for acetaldehyde and thus we include it here. The acetaldehyde EF for ARCTAS is consistent with values compiled by Akagi et al. (2011) for BB emissions from peatland (2.81 ± 1.36 g kg −1 ) and tropical forest fires (1.55 ± 0.75 g kg −1 ), and provides an value for acetaldehyde emissions from boreal forest fires, previously not available.
The methanol NEMRs to CO observed during ARC-TAS range between 5 and 54 pptv ppbv −1 , with a mean of 19 ± 12 pptv ppbv −1 . By source region, the mean methanol NEMRs of 21 ± 10, 21 ± 15 and 15 ± 11, all pptv ppbv −1 , in Asian, Californian and Canadian BB plumes, respectively, indicate very little difference between source region and plume age. Unlike acetone, little photochemical production of methanol is expected. Published NEMRs of methanol to CO also cover a wide range, between 1.8 (Friedli et al., 2001 ) and 27 ± 10.2 pptv ppbv −1 ), yet the majority lie between 10 and 25 pptv ppbv −1 .
TOGA ethanol NEMRs to CO ranging from 0.25 ± 0.04 to 4.5 ± 0.5 pptv ppbv −1 with a mean of 1.4 ± 1.4 pptv ppbv −1 were observed during ARCTAS, primarily in fresh Canadian and Californian BB plumes. The majority of the corresponding TOGA-and WAS-determined NEMRs in this work agree to within 50 % (Table 2) , with the only major difference seen in plume 25, a very brief interception of fresh Canadian BB. Using the same plume selection criteria, the WAS ethanol NEMRs ranged between 0.10 ± 0.02 and 2.5 ± 0.2 pptv ppbv −1 , with a campaign mean NEMR of 1.0 ± 1.0 pptv ppbv −1 , including a Canadian BB mean NEMR of 0.62 ± 0.69 pptv ppbv −1 . The corresponding TOGA mean NEMR for the Canadian BB is 1.0 ± 1.1 pptv ppbv −1 . To the authors' knowledge, the only published ethanol BB data include three EFs: 0.002 ± 0.002 and 0.051 ± 0.139 g kg −1 (Ciccioli et al., 2001) , obtained in laboratory experiments with two different fuels in both flaming and smoldering stages, and 0.018 g kg −1 corresponding to a molar emission ratio to CO of 0.10 pptv ppbv −1 (Andreae and Merlet, 2001) , as well as an ER of 0.15 ± 0.15 pptv ppbv −1 . The ER from Simpson et al. was determined using WAS observations from Canadian fires during ARCTAS, but with different BB plume selection criteria and averaging than in this work. Overall, the smallest ethanol NEMR reported here is in agreement with published values, but the NEMRs in Table 2 indicate that BB emission ratios of ethanol to CO can range up to an order of magnitude larger than previous measurements suggest. From plumes 24 and 25, the freshest BB plumes with observable ethanol NEMRs, we determined an EF for ethanol from boreal forest fire emissions of 0.57 ± 0.62 g kg −1 , which is an order of magnitude greater than the previous-reported EFs. Thus, emission inventories based on previously-published measurements may significantly underestimate the magnitude of fire-emitted ethanol.
The NEMRs of acetone to CO observed during ARC-TAS range from 1.7 ± 0.7 to 16 ± 1 pptv ppbv −1 , with a mean NEMR of 7.1 ± 3.9 pptv ppbv −1 . Separated by source region, the mean NEMRs are 9.0 ± 3.6, 6.0 ± 3.8, and 5.0 ± 3.3, all pptv ppbv −1 , in Asian, Californian and Canadian BB, respectively. Jost et al. (2003) reported an increase in acetone NEMRs to CO in an aging fire plume over a much shorter timescale, ranging from 4.8 pptv ppbv −1 in a fire plume estimated to be 17 min old to 11.3 pptv ppbv −1 downwind in the same fire plume estimated to be 125 min old. Other literature values for [acetone]/ [CO] NEMRs range between 1.5 pptv ppbv −1 (Holzinger et al., 2005 ) and 1.7-2.1 pptv ppbv −1 (Friedli et al., 2001 ) in very young fire plumes to 19.5 pptv ppbv −1 (Andreae and Merlet, 2001 ) and 20-30 pptv ppbv −1 (Singh et al., 1994) in aged biomass burning plumes. Larger acetone to CO NEMRs were observed in Asian BB plumes during the summer campaign than in the spring, which is also consistent with higher photochemical processing in the summertime.
The MEK NEMRs observed during ARCTAS range between 0.21 and 2.2 pptv ppbv −1 with a mean of 0.65 ± 0.41 pptv ppbv −1 , similar to published MEK NEMRs to CO which range between 0.7 and 3.0 pptv ppbv −1 (Table 3). Separated by source region, the respective mean MEK NEMRs from Asian, Californian and Canadian BB of 0.56 ± 0.38, 0.84 ± 0.57 and 0.51 ± 0.17 pptv ppbv −1 , are statistically equivalent, with no clear dependence on BB plume age or source region. There is, however, a statistical difference between the spring and summer Asian BB NEMRs: 1.0 ± 0.2 and 0.29 ± 0.07 pptv ppbv −1 , respectively. The MEK OH rate coefficient is approximately 1.22 × 10 −12 cm 3 molecule −1 s −1 (Atkinson and Arey, 2003) and the photolytic lifetime is estimated to be on the same order of magnitude as OH-removal (Raber and Moortgat, 1995; Atkinson, 2000) . Thus, the difference in the MEK tropospheric lifetime between the spring and summer months is the likely reason for the difference in the observed NEMRs, although it is also conceivable that the differences are due to differences in the emissions from the Asian fires burning in the spring and summer.
The MVK to CO NEMRs observed during ARCTAS range between 0.2 and 2.7 pptv ppbv −1 , with mean NEMRs of 0.61 ± 0.42 and 0.91 ± 0.89 pptv ppbv −1 from Californian and Canadian BB, respectively. The observed methacrolein NEMRs to CO range between 0.10 and 1.8 pptv ppbv −1 , with respective mean NEMRs to CO of 0.51 ± 0.31 and 0.59 ± 0.64 pptv ppbv −1 from Californian and Canadian BB. Few NEMRs for these isoprene oxidation products have been published. Yokelson et al. (2007a) reported an NEMR to CO for the sum of MVK + MACR of 1.9 ± 0.7 pptv ppbv −1 from Brazilian deforestation fires. Recently, Yuan et al. (2010) reported an NEMR for the sum of MVK + MACR to CH 3 CN of 2.3 ± 0.8 (pptv pptv −1 ) in the Pearl River Delta (PRD) region of China. Applying our mean NEMR for CH 3 CN to CO of 1.5 ± 0.6 pptv ppbv −1 , we estimate the PRD NEMR to CO at 3.5 ± 1.8 pptv ppbv −1 . Combined, the MVK + MACR NEMRs from fresh Californian and Canadian BB range between 0.31 ± 0.05 and 4.5 ± 0.4 pptv ppbv −1 , with a mean value of 1.3 ± 1.2 pptv ppbv −1 , in agreement with the few published values. Using the WAS ARCTAS data from fires in Canada, Simpson et al. (2011) reported MVK and MACR ERs to CO of 0.34 ± 0.02 and 0.15 ± 0.01, both pptv ppbv −1 , respectively. Using only the very young Canadian BB plumes, (plumes 21-25), the mean MVK and MACR NEMRs determined using the TOGA data are 0.29 ± 0.11 pptv ppbv −1 and 0.1 ± 0.1 pptv ppbv −1 , respectively, in better agreement with the ERs reported by Simpson and co-authors. This is consistent with the ratios of these isoprene oxidation products to CO being initially quite low in boreal forest fire emissions, then increasing in concentration with respect to CO as isoprene in the plume is oxidized. However, with tropospheric lifetimes <1 day, MVK and MACR enhancements to CO are not expected to remain elevated, which is consistent with the observations: no MVK or MACR NEMRs could be determined in plumes older than 2 days.
In addition to MVK and MACR, isoprene was observed in several BB plumes, with NEMRs to CO ranging from 0.14 ± 0.07 to 5.2 ± 0.7 pptv ppbv −1 . Isoprene enhancement ratios have been previously reported, but because the tropospheric lifetime of isoprene is so short (i.e. a few hours or less) it is difficult to extract meaning from enhancement ratio observations. It is also not possible to determine from the observed enhancements in the ARCTAS BB plumes the relative contributions of natural isoprene emissions and biomass burning emissions. Regardless of the origin of the emissions, because of the very short atmospheric lifetime of isoprene, in the absence of deep convection, mixing ratios of isoprene in the upper troposphere are very low. During ARCTAS, there were several occasions during which significant isoprene mixing ratios were observed above 8 km, most likely as a result of strong convection over Canada where biogenic emissions are high and BB occurs. These convective events and the impact of reactive isoprene on the HO x budget of the upper troposphere are explored in another paper .
Alkanes
The ethane to CO NEMRs observed during ARCTAS range between 3.3 ± 0.1 and 15 ± 2 pptv ppbv −1 , with a mean value of 6.3 ± 2.3 pptv ppbv −1 , similar to published values (Table 4) which range between 1.7 ± 0.1 pptv ppbv −1 from fires in savanna grasslands (Sinha et al., 2004) and 10.8 ± 6.6 pptv ppbv −1 from tropical forest fires (Andreae and Merlet, 2001) . Overall, the mean ethane NEMR from Asian BB, including data from ARCTAS-A, -CARB and -B, is 7.0 ± 3.0 pptv ppbv −1 , and the mean ethane NEMRs from Californian and Canadian BB are 6.6 ± 1.6 and 5.5 ± 1.6 pptv ppbv −1 , respectively. As with MEK, there is an observed difference between the mean ethane NEMRs observed in Asian BB plumes during the spring and summer campaigns, 8.8 ± 3.0 and 4.7 ± 0.7 pptv ppbv −1 , respectively. Using the same WAS data set, but with different plume selection and averaging, Simpson et al. (2011) reported an ethane to CO ER for Canadian BB during ARC-TAS of 4.6 ± 0.9 pptv ppbv −1 , consistent with the mean ethane NEMR determined in this work. Simpson and co-authors also reported an ethane to CO ER from a Siberian boreal forest fire plume interception on 29 June (4.63 ± 0.08 pptv ppbv −1 , corresponding to plume 19 in this work: 4.5 ± 0.5 pptv ppbv −1 ), which combined with findings from a previous study (ABLE-3B, Blake et al., 1994) led the authors to conclude that there may be a characteristic boreal forest fire emission signature. However, our plume 7 was also traced to the Siberian boreal forest region and has an ethane to CO NEMR of 15 ± 2 pptv ppbv −1 . In terms of the range of NEMRs observed, we observed no difference between the boreal forest fires from Siberia and the agricultural fires from East Asia/Kazakhstan. Likewise there was no statistical difference between the Californian and Canadian fires and the Asian fires.
The propane NEMRs observed during ARCTAS vary between 0.9 ± 0.3 and 5 ± 2 pptv ppbv −1 , with a mean of 2.0 ± 1.0 pptv ppbv −1 . There is statistically no difference between the mean NEMRs from Asian, Californian and Canadian BB sources, 2.5 ± 1.2, 1.6 ± 0.5 and 1.6 ± 0.7 pptv ppbv −1 , respectively, although the Asian mean is nominally larger than the two North American means. Separating the Asian NEMRs into spring and summer means, 3.1 ± 1.1 and 1.3 ± 0.1 pptv ppbv −1 , respectively, suggests differences in OH-removal rates and shows that the summertime values from all three locations are indeed similar. The difference between the spring and summer means is also consistent with the larger observed acetone NEMRs in the summer compared to the spring observations, as acetone is a major product of propane oxidation. The observed propane to CO NEMRs are in agreement with the published values in Table 4 , which range from 0.25 ± 0.10 (Sinha et al., 2004) to 3.0 ± 4.0 pptv ppbv −1 (Yokelson et al., 2007b) .
Published isobutane to CO NEMRs range between 0.01 from savanna grassland fires (Sinha et al., 2004) and 0.39 ± 0.46 pptv ppbv −1 from fires in the regions around Mexico City (Yokelson et al., 2007b) . The relative enhancements observed during ARCTAS are all within the range of previously reported values, with a mean of 0.22 ± 0.20 pptv ppbv −1 .
Likewise, published n-butane to CO NEMRs range between 0.06 ± 0.01 (Sinha et al., 2004 ) and 1.1 ± 1.2 (Yokelson et al., 2007b) , both pptv ppbv −1 .
The NEMRs observed during ARCTAS fall within this range, with an overall mean NEMR of Atmos. Chem. Phys., 11, 11103-11130, 2011 www.atmos-chem-phys.net/11/11103/2011/ 0.46 ± 0.29 pptv ppbv −1 . As shown in Table 4 , the NEMRs for isopentane and n-pentane also fall within the range of previously published values.
Aromatic hydrocarbons
The observed benzene to CO NEMRs during ARCTAS are quite consistent, regardless of source, and although they range between 0.63 ± 0.05 and 2.2 ± 0.2 pptv ppbv −1 , the overall mean is 1.2 ± 0.4 pptv ppbv −1 . By source region, the mean benzene to CO NEMRs are 0.96 ± 0.21, 1.2 ± 0.3 and 1.4 ± 0.4 pptv ppbv −1 for Asian, Californian and Canadian BB, respectively. There is a slight separation between the Asian BB NEMRs observed during the spring and summer: 1.11 ± 0.11 and 0.80 ± 0.16 pptv ppbv −1 , respectively. With the exception of the reported average benzene NEMR from observations in smoke plumes in the Yucatan ) (3.4 ± 0.8 pptv ppbv −1 ), the published benzene NEMRs listed in Table 4 are all between 0.65 ± 0.01 and 1.6 ± 0.6 pptv ppbv −1 .
The literature values for toluene NEMRs to CO shown in Table 4 range between 0.18 and 1.3 pptv ppbv −1 . During ARCTAS, the observed toluene NEMRs ranged between 0.12 ± 0.03 and 0.85 ± 0.02 pptv ppbv −1 , with an overall mean of 0.51 ± 0.18 pptv ppbv −1 . As a relatively shortlived species with respect to CO, [toluene]/ [CO] NEMRs generally decrease with increasing plume age, as shown in Fig. 7 , with significant spread in the observed values in young BB plumes. The mean regional NEMRs for Asian, Californian and Canadian BB, 0.12 ± 0.03, 0.51 ± 0.19 and 0.57 ± 0.09 pptv ppbv −1 respectively, indicate a significant decrease in the Asian BB toluene NEMRs between emission and sampling, and no statistical difference between Canadian and Californian toluene NEMRs.
Published values for C 8 -aromatics NEMRs with respect to CO range between 0.15 ± 0.07 pptv ppbv −1 (Andreae and Merlet, 2001 ) and 0.55 ± 0.27 pptv ppbv −1 for the combined ethylbenzene +p-, +m-, +o-xylene (Yokelson et al., 2007a) . Having lower mixing ratios than toluene with shorter lifetimes, these NEMRs were only observed in the Californian and Canadian BB. The C 8 -aromatic NEMRs are on the lower end of the published values, ranging from 0.012 ± 0.002 (o-xylene) to 0.20 ± 0.04 (ethylbenzene +p-and m-xylene) pptv ppbv −1 , and having a mean of 0.08 ± 0.05 pptv ppbv −1 for ethylbenzene, p-+m-xylene, and 0.06 ± 0.05 pptv ppbv −1 for o-xylene, with no statistical difference between Californian and Canadian BB NEMRs. Figure 8 shows comparison plots of the NEMRs of ethane, n-butane, isobutane and n-pentane against the co-observed NEMR for propane to CO, using the WAS data for internal consistency. Again, because the NEMRs observed in plume 28 are outliers and may not include only BB emissions, these data are not included in the plots or the linear fits. In general, the ratios to CO of these light alkanes are not strongly correlated with the estimated photochemical age of the BB plume, though a range of NEMRs were observed for each NMOC during ARCTAS. The black line is a linear fit to the observed ARCTAS data. Also included are the equivalent literature ratios from Table 4 with the text centered on the value. Figure 8a is a comparison plot for ethane and propane NEMRs to CO. The fit to the observed ARCTAS data has a slope of 2.1 ± 0.3 and an r 2 value of 0.72, with only a few of the literature ratios and one of the observed points deviating significantly from the fit. Figure 8b is the comparison plots of n-butane and propane NEMRs to CO. Similar to the ethane versus propane plot, the linear fit to the observed nbutane versus propane NEMRs indicates very good correlation with a slope of 0.29 ± 0.02, and an r 2 value of 0.89. As well, the majority of the literature values on the plots are well described by the linear fit. The next plot, Fig. 8c , shows the NEMR comparison for isobutane and propane. Again a linear fit to the data indicates very good correlation between isobutane and propane emissions, with a slope of 0.19 ± 0.01 and an r 2 value of 0.92. The next two plots are comparison plots of n-pentane (d) and isopentane (e) NEMRs to the observed propane NEMRs. For the n-pentane NEMRs, the linear fit to the ARCTAS data has a slope of 0.068 ± 0.011, with an r 2 value of 0.65. Likewise, the linear fit for the isopentane versus propane plot has a slope of 0.09 ± 0.01 and an r 2 value of 0.70. Both fits indicate less correlation than in Fig. 8a -c, but this is not surprising considering the smaller observed mixing ratios resulting in higher uncertainties in the correlation plots. Overall, the comparisons shown in Fig. 8 suggest strong correlations between the emissions of light C 2 -C 5 alkanes from fires. These correlations are reasonable as it is known that similar compounds can be emitted by specific combustion processes, e.g. alkanes are mostly made by glowing combustion (along with CO), while oxygenated NMOC are mostly made by pyrolysis (along with CO) (Yokelson et al., 1996 (Yokelson et al., , 1997 . As a result, the ratio of NEMRs for two NMOC of similar structure may be less scattered than the individual species' NEMRs to CO. However, because light alkanes each have different OH rate constants, the ratios of their NEMRs may provide insight into the plume age. Although this would have little impact on the ratios of ethane to propane (Fig. 8a) over the age of the plumes shown, this may explain the scatter in Fig. 8d -e, in which the ratios of the alkane NEMRs in the older plumes tend to be lower than those of the younger plumes. Figure 9 shows similar comparisons of the observed and literature NEMRs to CO for aromatic hydrocarbons to each other and to the propane NEMRs. Figure 9a is a plot of the WAS-observed benzene to CO NEMRs from ARCTAS against propane. A linear fit through the observations indicates very little correlation with an r 2 value of 0.06. In Fig. 9b, a Table 4 . Linear least-squares fits to the ARCTAS data are shown, with details for the fits listed on each full-scale plot. Tables 3 and 4. is again very little correlation, with an overall r 2 of 0.19. Nonetheless, there is a trend towards lower ratios of toluene to benzene as the plume ages, consistent with the shorter atmospheric lifetime of toluene. Similarly, in Fig. 9c , there is very little correlation between the NEMRs for the C 8 -aromatics and benzene, with an r 2 of 0.15. However, as shown in Fig. 9d , a comparison of NEMRs for the C 8 -aromatics against toluene, a linear fit to the combined TOGA and WAS data has a slope of 0.53 ± 0.15 with an r 2 of 0.38, likely due to a combination of related emissions and chemical removal processes. The enhancements of aromatic hydrocarbons are thus somewhat correlated to each other, but to a lesser degree when measured downwind due to relatively fast removal mechanisms. There is little correlation between the emissions of aromatic hydrocarbons and alkanes.
Ratios of NMOC enhancements
Finally, Fig. 10 shows similar plots of comparisons of the NEMRs to CO for some of the oxygenated NMOCs observed during ARCTAS against the acetone to CO NEMR, as well as a comparison of the NEMRs of acetone and propane. For these plots, only data from younger plumes estimated to be one day or less in age are shown, including literature data. In Fig. 10 , the ARCTAS data are colored by the plume MCE. A similar analysis of the alkane and aromatic NEMRs indicated no correlation with MCE. Figure 10a shows that the NEMRs to CO for the WAS acetone and propane are correlated, with a slope of 4.6 ± 1.4, and an r 2 value of 0.55. Figure 10b shows a comparison of methanol to acetone NEMRs to CO observed during ARCTAS from TOGA, WAS and PTR-MS. A linear fit to all the observed data indicates good correlation between methanol and acetone with a slope of 3.4 ± 0.4 and an r 2 value of 0.72. There is also an apparent dependence on the MCE for both methanol and acetone, with larger enhancements to CO of both compounds in plumes with MCEs indicating flaming combustion sources. A modest correlation between MCE and methanol enhancements relative to CO was also seen by Yokelson et al. (2009) , but in that case, [CH 3 OH]/ [CO] typically decreased with increasing MCEs between 0.892 and 0.956. Since dilution with background air results in a higher observed MCE (since background air has an MCE of approximately 0.9997), uncertainties are larger for observed MCEs in BB plumes one day in age or greater. Overall, however, the strongest MCE dependence in the ARCTAS data is in the 0.80-0.90 range, with a potential maximum in the emissions at MCEs near 0.90, so these findings are not incompatible.
In a comparison of ethanol versus acetone NEMRs (not shown), the data are more scattered than in Fig. 10b Fig. 10c indicates the enhancements to CO are somewhat correlated with each other (r 2 = 0.53) and with the MCE. Although the published ratio from Simpson et al. (2011) , determined using WAS ARCTAS data with slightly different plume selection criteria, is in agreement with the linear fit, the literature values from Friedli et al. (2001) and Yokelson et al. (2009) and one of the ARC-TAS TOGA data points deviate significantly from the linear regression fit, indicating that there are other factors to consider. Nevertheless, the majority of the points in this plot also point towards a trend of increasing NEMR with MCEs closer to the flaming stage.
In Fig. 10d and e, the data are significantly more scattered for both formaldehyde and acetaldehyde NEMRs against acetone NEMRs, with less dependence for aldehyde enhancements to CO on MCE. In a laboratory burn, Burling et al. (2010) showed that formaldehyde emissions tend to peak early during the burn in a more vigorous flaming stage, and although it is still emitted during later mixed flaming/smoldering stages, the emission ratios to CO are naturally more variable than ratios of NMOC that are emitted from burn stages similar to CO. However, as shown in Fig. 10f , a comparison of formaldehyde to acetaldehyde NEMRs to CO, although there is not a clear dependence on plume MCE, the enhancements of these two aldehydes in observed fire plumes are well-correlated to each other with an r 2 of 0.70.
Evolution of NMOCs in biomass burning plumes
Gas-phase NMOCs are often loosely classified as primary NMOCs and secondary NMOCs. Primary NMOCs consist of NMHC and oxygenated NMOCs emitted directly into the atmosphere, while secondary NMOCs include oxygenated NMOCs, organic nitrates, and particulate organic matter, and are formed in the troposphere from the photo-oxidization of primary NMOCs. Many oxygenated NMOCs are both primary and secondary NMOC, but uncertainties regarding the relative contribution to the total oxygenated NMOC for a given species based on source type and photochemical age remain. Further, many NMOCs cannot be quantified using currently-available techniques (Warneke et al., 2011) , leading to additional uncertainties regarding the relative contribution of oxygenated NMOC to total NMOC. Nevertheless, the evolution of oxygenated NMOCs in anthropogenic air masses and biomass burning plumes has been investigated numerous times over the last decade. Both de Gouw et al. (2005) and Apel et al. (2010) showed that secondary production of acetaldehyde can be important in urban outflow. As well, oxygenated NMOC production may be significant in BB plumes based on comparisons of observed acetaldehyde to benzene NEMRs in aged boreal forest fire plumes , and from observed growth of organic acids in slightly aged BB plumes . As discussed in Sect. 3.3.3, acetone NEMRs to CO have been reported to increase in aging fire plumes over short timescales (i.e. hours) (Jost et al., 2003) , and literature NEMRs from aged BB plumes seem to indicate that over longer timescales, acetone NEMRs to CO continue to increase.
The evolution of NMOCs within BB plumes observed during ARCTAS was investigated using the NCAR Master Mechanism. Two sets of initial conditions were used to model the chemical evolution of trace gas-phase chemical species over 2.5 days within a BB plume. The initial conditions were based on observations from ARCTAS-CARB and ARCTAS-B of a fresh BB plume in California (CAL BB; a 10-min period during plume 18) and a fresh BB plume from a boreal-forested area in Saskatchewan (CAN BB; plume 25). The CAL BB model starting conditions had higher absolute concentrations of gas-phase species of interest than the CAN BB model run, with 4x larger CO and NMOCs, an order of magnitude larger NO x , 1.6× the O 3 , and 1.4× the OH. The higher NO x and O 3 CAL BB starting conditions are consistent with the more anthropogenically-influenced background air in California compared to Saskatchewan. Both models runs were initialized at noon on day 1.
Although NMOC mixing ratios were 4× larger in the CAL BB simulation, the relative mixing ratios of different classes of NMOCs in these starting conditions are similar, as shown in Fig. 11a and b ; in both the CAN BB and CAL BB initial conditions, oxygenated NMOCs comprise approximately 65 % of the NMOCs in the plume. In contrast, Fig. 11c , the distribution of the same classes of NMOCs observed in an urban region of California during ARCTAS, shows that oxygenated NMOCs comprise less than 50 % of observed NMOCs. Ratios of oxygenated NMOC to total NMOC ranging from 60-80 % are typical for BB emissions (Yokelson et al., 1999 (Yokelson et al., , 2008 Burling et al., 2010) , Table 3 . In (d) and (f), formaldehyde NEMRs to CO from ARCTAS are plotted against NEMRs determined using TOGA data.
and are higher than oxygenated NMOC/NMOC ratios observed in air masses primarily influenced by fossil fuel burning emissions (typically less than 50 %, de Apel et al., 2010) . It should be noted that these percentages rely heavily on the compounds included. Compound classes in Fig. 11 are comprised of C 2 -C 6 alkanes (alkanes); C 2 -C 4 alkenes, isoprene, α-and β-pinene (alkenes); ethyne and propyne (alkynes) C 6 -C 8 aromatics (aromatics); C 1 -C 4 aldehydes (aldehydes); acetone, MEK, MVK (ketones); and C 1 -C 2 alcohols (alcohols). Although organic acids are known to be emitted in significant amounts from BB (Yokelson et al., 1999 Burling et al., 2010) , because they were not measured on the DC-8 during ARCTAS, they were not included in the model simulations. Inclusion of other compounds (e.g., alkyl nitrates and halogenated NMOCs) would also change the absolute ratios, but the relative differences between the oxygenated NMOC/NMOC ratios in the two BB plumes and the anthropogenically-influenced air masses would still exist. With smaller relative concentrations of NMHC precursors and a higher proportion of oxygenated NMOCs, the chemistry within BB plumes will differ from that of anthropogenic plumes. Figure 12 shows plots of the modeled changes in NEMRs to CO over 2.5 days for both model runs for several NMOCs. For comparison, observed NEMRs to CO for formaldehyde, and TOGA-observed NMOC in BB plumes estimated to be less than three days in age are also plotted in Fig. 12 according to the estimated BB plume age. From the MM age in the BB plumes, indicating the loss reactions of these compounds are generally greater than any production terms within the plumes. The only exceptions to this are very slight increases of mixing ratios of formaldehyde and acetaldehyde in the late afternoon and evening of day 1 and 2 after the initial drop in daytime mixing ratios for these species when their destruction is outpacing their production. In the CAN BB model run, the isoprene oxidation products MVK and MACR both increase for approximately 3-4 h while isoprene is present in significant amounts (i.e. >300 pptv), then decrease for the remainder of the simulation. All ratios to CO for the NMOC subset shown here are predicted to decrease over a period of 2.5 days, with the exception of the MVK and MACR NEMRs during the first few hours of the CAN BB model run. As expected, for short-lived compounds that are not produced photochemically (e.g. isoprene and toluene, with tropospheric lifetimes approximately 1 day or less), there is a fairly rapid daylight-dependent decrease in the modeled NEMRs, while for some of the oxygenated NMOCs with tropospheric lifetimes approximately 1 week or greater (i.e. methanol, acetone, MEK) the modeled NEMRs remain fairly constant with time, decreasing only slightly over 2.5 days.
For most NMOCs in Fig. 12 , the observed NEMRs in relatively young BB plumes (<1 day) are highly variable, with some observed NEMRs significantly larger than the conditions chosen for the model runs. It should be noted, however, that the observed NEMRs are not all from the same fire, and may therefore originate from fires with different emission ratios. By the time the plumes are estimated to be 1.5 to 2 days in age, the majority of the observed NEMRs are similar to the modeled NEMRs, possibly due in part to lower relative mixing ratios. However, for acetone, methanol, MEK, and to a lesser extent, benzene and ethanol, the NEMRs to CO are not predicted to change significantly over 2.5 days, suggesting that any variability in fresh BB emissions is likely to be maintained in an aging plume. Although there are differences in ozone production and OH reactivities within the two plumes, which will be explored further in Part 2 , in general the relative changes in NEMRs to CO for observed NMOC are not predicted to differ significantly between the two cases.
During the ARCTAS campaign, instruments on board the NASA DC-8 measured the mixing ratios of a large number of NMOCs in BB plumes originating from several fires burning in Asia and North America ranging from fresh emissions to plumes over a week in age. Of the NMOCs measured by TOGA, several were co-observed by other measurement techniques. There was very good agreement between the instruments for the majority of the flights and, in general, quantitative differences between the systems can be explained by the different sampling integration times of the instruments, particularly in highly variable air masses such as those encountered in fresh BB emissions.
For our analysis, BB plumes encountered by the DC-8 were grouped by flight, chemical composition, and source region into 40 individual plumes for analysis. NEMRs to CO were determined for HCN, acetonitrile, several NMHC and oxygenated NMOCs for each of the plumes, and compared to literature values. Overall, the NEMRs observed during ARCTAS showed good agreement with literature values for most NMOCs. For some compounds, however, such as ethanol, MVK and MACR, very few literature values have been published. The ethanol to CO NEMRs observed during ARCTAS range from values similar to the previouslyreported NEMRs (0.1-0.15 pptv ppbv −1 ) to well over an order of magnitude larger (4.5 ± 0.5 pptv ppbv −1 ). Our findings show that ethanol emissions from fires may be significantly larger than previously thought.
Although significant variability exists in observed NEMRs from both ARCTAS and previous field studies, some NMOCs have NEMRs to CO that are highly correlated. This was clearly shown for the light C 2 -C 5 alkane NEMRs to CO observed during ARCTAS, with the strongest correlation between the C 2 -C 4 alkanes and slightly higher variability for the C 5 alkanes, primarily due to lower mixing ratios and measurement uncertainties. In general, these correlations are linear and are attributed to correlated emissions rather than chemical loss. Correlations are also evident in the emissions of many of the oxygenated NMOC as well, in particular for methanol, acetone and MEK.
Results from Master Mechanism box model simulations of the evolution of two BB plumes, one based on observed Canadian BB and the other based on Californian BB, were compared to ARCTAS-observed NEMRs for BB in these regions. The initial concentrations for the Californian BB plume indicated more anthropogenically-influenced background conditions than that of the Canadian BB plume, with 10× greater NO x , 1.6× greater O 3 concentrations, and 4× greater NMOC and CO concentrations. All observed oxygenated NMOC mixing ratios are predicted to decrease over a period of 2.5 days within the plumes, although the concentrations of MVK and MACR are predicted to increase initially in the Canadian BB plume while isoprene is still present in significant amounts (>300 pptv). As well, all NEMRs to CO for these oxygenated NMOCs are predicted to decrease over the 2.5 days. Although they generally decrease with time, the time-dependences of the modeled NEMRs of acetone, methanol and MEK, and to a smaller extent, ethanol, are relatively flat, indicating that much of the variability in observed NEMRs to CO in BB plumes for these compounds is due to variability in the emissions.
